Beat-to-beat variability of cardiac action potential duration (short term variability, SV) is a common feature of various cardiac preparations, including the human heart. Although it is believed to be one of the best arrhythmia predictors, the underlying mechanisms are not fully understood at present. The magnitude of SV is basically determined by the intensity of cell-to-cell coupling in multicellular preparations and by the duration of the action potential (APD). To compensate for the APD-dependent nature of SV, the concept of relative SV (RSV) has been introduced by normalizing the changes of SV to the concomitant changes in APD. RSV is reduced by I Ca , I Kr and I Ks while increased by I Na , suggesting that ion currents involved in the negative feed-back regulation of APD tend to keep RSV at a low level. RSV is also influenced by intracellular calcium concentration and tissue redox potential. The clinical implications of APD variability is discussed in detail.
analyzed. This is defined as beat-to-beat variability or short term variability (SV) of APD, which has been observed in a variety of mammalian cardiac preparations including human (Hinterseer et al. 2008; Hinterseer et al. 2009; Hinterseer et al. 2010; Sur et al. 2013; Tereshchenko et al. 2010) , canine (Abi-Gerges et al. 2010; Thomsen et al. 2004; Schneider 2005; Thomsen et al. 2006 ; Van der Linde et al. 2005) , rabbit (Jacobson et al. 2011; Michael et al. 2007 ) and guinea pig (Zaniboni et al. 2000) hearts. SV is formulated usually by the following equation: SV = Σ (│APD n+1 -APD n │) / [n beats * √2] where SV is the short term variability, APD n and APD n+1 indicate the durations of the n th and n+1 th APs, respectively, at 90% level of repolarization and n beats denotes the number of consecutive beats (typically 20-50) analyzed (Johnson et al. 2010; Szentandrássy et al. 2015) .
Hinterseer and coworkers emphasized the predictive value of the increased variability regarding arrhythmia incidence in patients with cardiomyopathy or heart failure and in individuals having ion channel mutations leading to cardiac arrhythmias (Hinterseer et al. 2008; Hinterseer et al. 2009; Hinterseer et al. 2010 ). These results have been corroborated later using in vivo and in vitro animal models of drug-induced torsades Thomsen et al. 2006 ; Van der Linde et al. 2005 ). Now it is generally accepted that SV is a good predictor of the torsade-related arrhythmia incidence (Abi-Gerges et al. 2010; Jacobson et al. 2011; Tereshchenko et al. 2010; Thomsen et al. 2004 ; Van der Linde et al. 2005; ) , even better than triangulation or QT prolongation itself (Abi-Gerges et al. 2010; Hinterseer et al. 2008; Hinterseer et al. 2009; Hinterseer et al. 2010; Thomsen et al. 2006) . This is because the elevation of SV results automatically in an increased temporal inhomogeneity, which is considered as a substrate for reentrant arrhythmias.
In spite of the potential clinical importance of SV, its ionic mechanism remained hidden for a long period of time. Although it was evident that stochastic gating of cardiac ion channels is the basic underlying mechanism of SV (Lemay et al. 2011; Pueyo et al. 2011 ), contribution of the individual ion currents have been elucidated only in the recent years. In the present paper we review all aspects of SV in multicellular and single cell cardiac preparations including its ionic mechanism and the factors influencing SV.
SV in multicellular cardiac tissues: role of cell-to-cell coupling
When comparing the variability in healthy multicellular and single cell mammalian preparations, it turned out that SV is much smaller in multicellular cardiac tissues than in single cells (Magyar et al. 2015) . This is due to the balancing effect of the neighboring myocytes through the open gap junctions. Zaniboni et al. have elegantly shown, using cell pairs coupled electrically through a 100 MΩ resistance, that SV was decreased in both myocytes after electrical coupling (Zaniboni et al. 2000) . In line with this, rotigapeptide, a gap junction opener peptide, was shown to suppress arrhythmogenic D r a f t discordant alternans in ischemic guinea pig hearts. This indicates that intact cell-to-cell coupling is an important factor to keep APD variability at a low level in vivo (Kjølbye et al. 2008) . Since SV is very low in multicellular preparations, and more importantly, because its magnitude is mostly influenced by the degree of cell-to-cell coupling, multicellular preparations are not really suitable for studying the specific ionic mechanisms involved in governing SV.
SV in single cardiomyocytes: role of APD and the concept of relative SV
Ion substitution and the application of selective blockers and activators of ion channels are the simplest strategies to identify the role of individual ion currents in SV. Following the latter approach it became evident that APD itself has a strong influence of SV: SV was sharply increasing with lengthening of action potentials (Heijman et al. 2013; Johnson et al. 2010; Szentandrássy et al. 2015) . Indeed, SV was shown to be an exponential function of APD, when APs were lengthened and shortened using inward and outward current pulses, respectively, injected throughout the entire plateau (Szentandrássy et al. 2015; Fig. 1) . APD elongation and shortening, induced by current injections, can be basically considered as an 'ion channel-independent' manipulation of APD. Therefore, the exponential curve in Fig. 1B can be used as a reference allowing to visualize the pure consequences of APD-changes, which are generally apparent in response to drug actions targeting cardiac ion channels. In order to eliminate the APDrelated changes of SV, the term relative SV (RSV) has been introduced by plotting SV as a function of APD (Fig. 1B) . Similar results were obtained when the changes in SV were D r a f t 6 plotted against the concomitant changes in APD (Fig. 1C) . Accordingly, data points located above the curves correspond to increased RSV, while those laying under the curves indicate reduction of RSV. Thus RSV is suitable for studying the specific effect of a drug or intervention on beat-to-beat variability of APD.
Ionic mechanism of variability: contribution of individual ion currents
The contribution of individual ion currents to SV was revealed by using selective blockers and activators of ion channels. Suppression of I Kr by dofetilide increased SV in single canine ventricular cells (Johnson et al. 2010) and in vivo rabbit hearts, but failed to modify SV in conscious dogs (Lengyel et al. 2007 ). In Langendorff-perfused rabbit hearts, I Kr was also suppressed by low concentrations of quinidine and amiodarone: SV was increased by quinidine (Wu et al. 2008a ), but not by amiodarone (Wu et al. 2008b) .
Similarly, selective inhibition of I Ks by HMR-1556 increased SV in isolated canine myocytes (Johnson et al. 2010) , but had no effect on SV under in vivo conditions in dogs and rabbits (Lengyel et al. 2007 ). However, when applying simultaneous blockade of I Kr and I Ks (using HMR-1556 plus dofetilide) SV was largely elevated in both species (Lengyel et al. 2007 ). The role of Na + current was studied using ATX-II to enhance and TTX to suppress I Na . ATX-II increased SV in isolated canine ventricular cells (Johnson et al. 2010) as well as in Langendorff-perfused rabbit hearts (Wu et al. 2008a, b) . SV was reduced by TTX in guinea pig ventricular cells (Zaniboni et al. 2000) , similarly to high concentrations of quinidine and amiodarone (applied to block I Na ) in Langendorffperfused rabbit hearts (Wu et al. 2008a, b) . SV was decreased by isoproterenol when D r a f t 7 canine myocytes were superfused with isoproterenol in the presence of dofetilide or ATX-II, but increased when isoproterenol was applied following pretreatment with HMR-1556 (Gallacher et al. 2007 Johnson et al. 2010) . These results suggest that SV was strongly reduced by I Kr and increased by I Na , while I Ks had probably a weak suppressive effect. However, interpretation of these results is somewhat difficult because the drug actions on SV were not correlated with the concomitant changes of APD. This (Horvath et al. 2013; Liu et al. 1992; Zaza and Rocchetti 2013) , where there is no room for further activation of I Kr or I Ks . In contrast to I Na-late , I Ca has the highest amplitude at the beginning of the plateau phase having stronger influence on the subsequent activation of I Kr and I Ks (Bányász et al. 2003) . In addition, since the membrane resistance is extraordinarily high during the late plateau (Zaniboni et al. 2000) , a relatively small inward shift in the net membrane current may result in a large instability of APD (Bányász et al. 2009; Bárándi et al. 2010) . This also gives the physical basis of the logarithmic relationship between SV and APD, as was predicted by the simulations of Heijman et al. (2013) I Kr , I Ks and I Ca , therefore, appear to reduce SV. Blocking these currents directly using class 3 and class 4 antiarrhythmics, or indirectly by class 2 drugs (beta receptor blockers), on the other hand, results in increased SV. An important clinical implication of these findings is that the antiarrhythmic potency of ion channel blockers acting on I Kr , I Ks and I Ca may be limited by the concomitant effect of these drugs to increase beat-to-beat variability of action potential duration.
Factors influencing RSV

D r a f t
Ischemia/reperfusion injury, a massive source of life threatening cardiac arrhythmias, is also associated with increased beat-to-beat variability of APD (Kormos et al. 2014; Sarusi et al. 2014) . Reperfusion of the ischemic tissue leads to increased Ca ionophore A23187 increased RSV (Kistamás et al. 2015a ).
This effect of intracellular BAPTA was more pronounced when early afterdepolarizations were evoked by dofetilide pretreatment (Horváth et al. 2015) . It was revealed that Ca 2+ released from the sarcoplasmic reticulum (SR) plays a critical role, since RSV was equally decreased by ryanodine and cyclopiazonic acid (Kistamás et al. 2015a ). The former inhibits the ryanodine receptor (Meissner 1986), whereas the latter blocks the refilling of the SR (Takahashi et al. 1995; Yard et al. 1994 . As it has been discussed previously, RSV is reduced by the former but increased by the latter effect of isoproterenol.
The role of the sodium-calcium exchanger (NCX) in beat-to-beat variability has been also studied (Kistamás et al. (2015a) . A moderate concentration (300 nM) of SEA0400, a relatively selective inhibitor of NCX, increased SV, while APD was concomitantly shortened, indicating an elevation of RSV by SEA0400. It is not clear, however, that this effect was a direct consequence of suppression of the NCX current (in this case NCX itself should be considered as a reducer of RSV), or alternatively, the changes in RSV were associated with the consecutive changes in Ca 
Gross changes in redox potential occur in cardiac tissues during ischemia/reperfusion injury, characteristically accompanied by an increased incidence of arrhythmias (Becker and Ambrosio 1987) . In a recent study, the effect of redox potential changes on beat-to-beat variability has been demonstrated (Kistamás et al. 2015b ). RSV was decreased by applying a reductive environment (containing DL-dithiothreitol, reduced L-glutathione and L-ascorbic acid). However, shifting the redox potential in the oxidative direction by H 2 O 2 strongly increased RSV and resulted in development of early afterdepolarizations. These effects of H 2 O 2 could be prevented by pretreatment with reducing agents indicating that the elevation of RSV was really caused by the oxidative shift (Kistamás et al. 2015b ). Since similar changes are known to occur under conditions of oxidative stress, it is plausible to assume that the increased RSV due to oxidative shifts may contribute to the higher arrhythmia incidence observed under these pathological conditions. Regarding the possible underlying mechanism, it was speculated that the increased late Na ] i has been reported to increase the beat-to-beat variability of APD (Johnson et al. 2013; Kistamás et al. 2015a; Szentandrássy et al. 2015) . However, in D r a f t the absence of relevant voltage clamp data, the role of I Na remains to be supported experimentally.
Acidosis, the third consequence of an ischemia/reperfusion injury, increases beatto-beat variability of APD in multicellular preparations due to the H + induced closure of the gap junctions and therefore it is proarrhythmic (White et al. 1990 ). In contrast, RSV was not influenced by ± 1 pH unit change in isolated canine ventricular myocytes (Magyar et al. 2016 ) suggesting that RSV is increased during ischemia/reperfusion injury by the Ca 2+ overload and the redox shift, but not by acidosis.
RSV was also increased at high driving rates in canine ventricular cells (Johnson et al. 2010) even if the records with AP alternans were excluded from the analysis (Szentandrássy et al. 2015) . Although the underlying mechanism was not studied directly, it is reasonable to assume that the Ca Changes in temperature also have influence on RSV, which was increased when the superfusate was warmed from 37 to 38-41 o C in canine cardiomyocytes (Magyar et al. 2016 ). This may contribute to the increased incidence of cardiac arrhythmias under conditions of fever in addition to many other factors (Amin et al. 2008; Amin et al. 2010; Chockalingam et al. 2010 ).
In silico analysis
Since SV is believed to be a consequence of stochastic gating of ion channels, the 
Summary
As has been pointed out in this review, several factors were found to modulate beat-tobeat variability in mammalian cardiac tissues (Fig. 3) . Reduction of gap junction conductance in multicellular preparations and increased APD in single cardiomyocytes were the most prominent factors increasing SV. Importantly, SV was an exponential function of APD. To balance this influence of APD on SV, the concept of RSV has been introduced (Magyar et al. 2016; Szentandrássy et al. 2015) . RSV was increased by elevation of temperature, heart rate and cytosolic Ca 2+ concentration, and also by D r a f t 14 oxidative shifts in the tissue redox potential. Accordingly, the changes in RSV during ischemia/reperfusion injury or fever have been discussed. However, the most prominent effects on RSV were observed due to alterations of the transmembrane ion currents; more specifically, RSV was increased when I Kr , I Ks and I Ca were suppressed, or I Na was increased (Szentandrássy et al. 2015) .
Implications for the future
Factors modulating beat-to-beat variability of APD are known to be present under conditions of many cardiac disorders potentially associated with severe cardiac arrhythmias. This group contains almost all types of the inherited long QT syndrome, caused by mutations of ion channels mediating I Kr , I Ks and I Na (Goldenberg and Moss 2008, Schwartz et al. 2012) . Acquired forms of the long QT syndrome are typically related to drugs or nutrients which decrease the intensity of I Kr , including anti-allergic compounds, antibiotics, antipsychotics, non-steroid anti-inflammatory drugs or simple grapefruit juice (Gupta et al. 2007 , Zitron et al. 2005 . Common in the action of these agents is that they reduce the repolarization reserve of cardiac cells (Biliczki et al. 2002) .
Similarly, diseases like idiopathic cardiomyopathy, cardiac hypertrophy or heart failure, in addition to the characteristically altered cellular Ca Since SV was found to be one of the best arrhythmia predictors, it is logical to D r a f t 15 incorporate automated, ECG-aided SV analysis into the long term follow up strategy of these patients.
The other field where examination of SV or RSV would be highly beneficial is the screening of athletes. Although the incidence of sudden cardiac death (typically due to ventricular fibrillation) is relatively low in the gross population (only 1/50,000 to 1/100,000), its prevalence in top athletes is close to fourfold (Maron 2007; Pigozzi and Rizzo 2008) . These individuals usually display adaptive hypertrophy (Atchley and Douglas 2007; Paolo and Pelliccia 2007; Scharhag et al. 2002) and may apply drugs or medications known to diminish the repolarization reserve (see the list above).
Combination of a congenital or acquired long QT syndrome with the adaptive cardiomyopathy may be potentially fatal for athletes (Basavarajaiah et al. 2007; Benton and Maginot 2007; Kapetanopoulos et al. 2006) . Therefore, the most risky cases could be easily screened out using determination of SV under normal, or probably more effectively, under 'provoked' conditions, which could be followed by the more expensive 
